A dual two-phase Ni 3 Al-Ni 3 V intermetallic alloy with a nominal composition of Ni 75:0 Al 7:5 V 15:0 Nb 2:5 (at%) doped with 50 mass ppm boron was synthesized by the powder metallurgy process using elemental powders. Raw powder mixture was sintered at temperatures from 1073 K to 1373 K by the pulse current sintering method and then annealed in a vacuum at 1553 K for 3 h. The dual two-phase intermetallic alloy whose microstructure exhibits the cuboidal primary Ni 3 Al phase and the surrounding channel region composed of Ni 3 Al and Ni 3 V phases, and contains neither voids nor intermediate products were obtained by sintering at a high temperature of 1373 K and by subsequent annealing at 1553 K. Also, the well synthesized and annealed samples showed finer grain sizes, i.e., about 30 mm than the cast alloys fabricated by the ingot metallurgy process. The hardness of the synthesized samples increased with increasing sintering temperature and also by the subsequent annealing at 1553 K.
Introduction
Intermetallic alloys and compounds have attractive properties as high temperature structural materials. For instance, some of them show the positive temperature dependence of yield strength (i.e. strength anomaly), which is suitable for high temperature application. However, most of intermetallic compounds have some drawbacks, such as poor ductility at ambient temperature and low strength at high temperature. Recently, it is expected that the multi-phase intermetallics provide a good balance of low temperature ductility, high temperature strength and oxidation resistance, as recognized from the studies of Ni-base super alloys consisting of (Ni solid solution) and 0 (Ni 3 Al), and Ti-Al-base intermetallic compounds consisting of 2 (Ti 3 Al) and (TiAl) phases. 1, 2) Ni 3 X intermetallics with a geometrically close packed structure show high thermal, chemical and microstructural stability. [3] [4] [5] [6] [7] [8] Monolithic Ni 3 X intermetallics, however, have been shown to suffer from poor ductility at low temperature and low creep strength at high temperature as well as other intermetallic compounds. To overcome these problems, multiphase intermetallic alloys based on Ni 3 X (X: Al, Ti and Nb, 9, 10) X: Si, Ti and Nb, [11] [12] [13] X: Al, Ti and V [14] [15] [16] [17] [18] and X: Al, Nb and V [19] [20] [21] [22] [23] ) have been systematically studied and found to show superior microstructural stability and mechanical properties at high temperature. However, when these intermetallic alloys are applied to e.g., tools for friction stir welding (FSW) and ball bearing parts for high temperature usage, further strengthening is much desired. One of the most convenient routes to improve the low and elevated temperature strength of these alloys is to synthesize these alloys as composite materials. It is well known that producing the homogeneous composite materials by the melting technique is very difficult because of difference of the density or wetability between the matrix and dispersions. In contrast, powder metallurgy technique has merits of producing dispersion strengthened metal matrix composites and also near-net forming.
In this investigation, the dual two-phase intermetallic alloy whose microstructure exhibits the cuboidal primary Ni 3 Al phase and the channel region composed of Ni 3 Al and Ni 3 V phases formed by a eutectoid reaction was synthesized by the powder metallurgy technique. Raw powder mixture was adopted as the starting material. These powder mixtures were sintered and densificated by the pulse current sintering (PCS) apparatus, commonly called as spark plasma sintering (SPS) apparatus. The sintering condition of the Ni 3 Al-Ni 3 V twophase intermetallic alloy containing Nb was examined by some microstructural analyses.
Experimental Procedure
Elemental raw powders used in this study were Ni (99.8% purity, particle size of 4-7 mm), Al (99.8% purity, particle size of 5-6 mm), V (99% purity, particle size of 75 mm under) and Nb (99% purity, particle size of 20 mm) and B (99.9% purity, particle size of 1 mm under). Here, it should be pointed out that Ni, Al and V are essential elements to create the dual two-phase microstructure while Nb and B (Boron) are alloying elements to improve properties. Nb has been added to enhance the hardness and flow strength of the present twophase intermetallic alloy. [11] [12] [13] Boron was also doped to enhance grain boundary cohesion of the sintered body. These elemental raw powders were mixed in mortar for 30 min to generate the composition of Ni 75:0 Al 7:5 V 15:0 Nb 2:5 doped with 50 mass ppm B.
The pulse current sintering process was employed to sinter the dual two-phase intermetallic alloys. The weighed powder mixtures were filled in a cylindrical graphite mold with an inner diameter of 20 mm, an outer diameter of 50 mm and a height of 40 mm, and then pressed by two graphite punches of 20 mm diameter and 25 mm length at two ends. Then, the powders were sintered in a vacuum (about 5 Pa) in the temperature range from 1073 K to 1373 K for 5 min at a heating rate of 100 K/min. Temperature was monitored by the thermocouple inserted into the hole drilled at the center of the graphite die or by the optical pyrometer focused on the same drilled hole. The applied pressure was maintained constant at 30 MPa during sintering. The samples sintered at 1073 K to 1373 K were annealed at 1553 K for 3 h in a vacuum.
The surfaces of the sintered and annealed samples were grinded and polished. X-ray diffraction (XRD), scanning electron microscopic (SEM) and transmission electron microscopic (TEM) observations were carried out on both samples. TEM sample was prepared by a focused ion beam (FIB) method. TEM observation was carried out using a JEM-2000FX operating at 200 kV. Vickers hardness test was conducted at room temperature in conditions of a holding time of 20 s and a load of 1 kg.
To investigate the reaction process in the pulse current sintering, a differential thermal analysis (DTA) with a heating rate of 50 K/min in argon gas flow was performed on the powder compact of the raw materials.
Results and Discussion

X-ray diffraction
To investigate the reactant from the raw powder, the XRD measurement was performed on both the sintered and annealed samples. Figure 1 shows the XRD patterns of the as-sintered samples which were synthesized at various temperatures. The diffraction peaks of raw materials of Ni, Nb and V were detected at lower sintering temperatures less than 1173 K. In this temperature range, the diffraction peaks of intermediate products Al 4 Ni 15 V with a cubic structure and Ni 3 Nb with D0 a structure were also recognized. When the sintering temperature rose up to more than 1273 K, Ni 3 Al (L1 2 ) and Ni 3 V (D0 22 ) were detected, indicating that all the elemental powders have completely reacted with each other, resulting in desired compounds. After the sintered samples were annealed at 1553 K, the peaks of the intermediate products as well as the raw materials disappeared and all the samples were identified to consist of two phases of Ni 3 Al and Ni 3 V (Fig. 2) . The apparent lattice parameter changes of Ni 3 Al and Ni 3 V by alloying Nb into Ni 3 Al-Ni 3 V system were not observable from Figs. 1 and 2.
Microstructural observation
SEM-back scattered (BE) images of the as-sintered samples are shown in Fig. 3 . There were few pores irrespective of the sintering temperature, suggesting that the degree of densification of the sintered samples were relatively high. On the other hand, some contrasts were observed particularly at lower sintering temperatures. Taking the XRD results into consideration, these contrasts were considered to be due to the unreacted raw powders of Ni, Nb and V which were embedded in the matrix. Actually, SEM-wave length dispersive spectroscopy (WDS) showed that the dark-contrast and the light-contrast particles were V and Nb, respectively. Also, Al was observed to be present at the outer layer of both Nb and V particles, indicating that Al was diffused into the large particles of V (70 mm) and Nb (20 mm). The microstructures of the sintered samples became homogenized as the sintering temperature rose. Figure 4 shows the SEM-BE images of the samples annealed at 1553 K for 3 h. This high-temperature annealing brought about the homogenized microstructures even in the samples sintered at lower temperatures, whereas it resulted in formation of many pores in these samples. with increasing sintering temperature. The sample with relative density of approximately 99.3% was synthesized by sintering at 1373 K and subsequent annealing at 1553 K for 3 h. Fine particles were also observed in all samples. These precipitants were determined to be an aluminum oxide by the SEM-energy dispersive X-ray spectrometry (EDX) examination, and attributed to the impurity containing in the raw powders. High magnification SEM-secondary electron (SE) images of the sample which was sintered at 1373 K and then annealed at 1553 K were shown in Fig. 5 . As shown in Fig. 5(a) , mixture structure of large single phase and the densely precipitated cuboidal phase was observed in the assintered sample. To be noted in the annealed sample is that the cuboidal precipitates were homogeneously dispersed, accompanied with the channel like region by annealing at 1553 K for 3 h, as have been repeatedly observed in the present dual two-phase intermetallic alloys 22, 23) (Fig. 5(b) ). From the earlier studies performed on the arc melted and annealed samples, this cuboidal phase is Ni 3 Al and channel regions is the eutectoid microstructure consisting of Ni 3 Al and Ni 3 V. [19] [20] [21] Figure 6 shows TEM bright field image and selected area diffraction (SAD) pattern of the same sample as shown in Fig. 5(b) . The SAD pattern showed that the observed microstructure consisted of only Ni 3 V and Ni 3 Al. These results indicate that a typical dual two-phase microstructure was obtained by the powder metallurgy technique using elemental raw powders. In the previous TEM-EDX analysis for the Ni-Al-V-Nb alloy synthesized by the conventional melting method, it was shown that Nb was dissolved into Ni 3 V in the channel region more than into the primary Ni 3 Al. Figure 7 shows SEM-electron backscattered diffraction (EBSD) pattern-quality image of the sample that was sintered at 1373 K and then annealed at 1553 K for 3 h. Grain sizes were determined by means of the linear intercept method using SEM-EBSD pattern-quality images. Average grain sizes were plotted as a function of sintering temperature in Fig. 8 . The grain size increased with increasing sintering temperature possibly due to grain growth. It is noted that fine grain size of approximately 30 mm was obtained by the pulse current sintering technique, one-tenth smaller than that in the sample made by the conventional melting technique. Figure 9 shows the DTA curve of the compact of the raw powder mixture. Exothermic peak was observed approximately at 931 K, which was nearly equal to the melting temperature of aluminum, indicating that the reaction synthesis or self-propagating high-temperature synthesis took place immediately after melting of aluminum. 25, 26) It is possible that the molten aluminum reacts with other neighboring raw powders of Ni, Nb and V, leading to formation of solid solution powders (or particles) of Ni-Al, Nb-Al and V-Al because of relatively large solubility limit (more than 10 at%) of Al to Ni, 27) Nb 27) and V. (Fig. 1) . Table 1 gives enthalpy of formation of some compounds related to the present intermetallic alloy. In this table, the data for Ni 3 Al 29) and Ni 3 Nb 30) were referred from the literature while the data for Ni 3 V were calculated according to the literature.
Reaction process
31) The enthalpy of formation of Ni 3 Nb (À31:8 kJ/gÁatom) is almost identical to that of Ni 3 Al (À37:7 kJ/gÁatom). In addition, the particle size of Nb (20 mm) is smaller than that of V (75 mm). Thereby, Ni 3 Nb is suggested to be formed earlier than Ni 3 V is formed during the sintering conducted at relatively low temperature. It is also noted that the composition of Al 4 Ni 15 V is very similar to that of Ni 3 Al. These Al 4 Ni 15 V and Ni 3 Nb phases as well as the unreacted powders are assumed to rapidly react with each other with increasing sintering temperature, resulting in a full transformation to the final stable phases of Ni 3 Al and Ni 3 V. Figure 10 shows Vickers hardness of the sintered and annealed samples as a function of the sintering temperature. For the as-sintered samples, the hardness increased with increasing sintering temperature up to 1273 K and was kept constant above 1273 K. The observed low values of hardness at lower sintering temperatures may be attributed to the unreacted raw powders, as shown in Figs. 1 and 3 . The hardness of the annealed samples was enhanced compared with that of the as-sintered samples. This enhancement of the hardness is considered to be due to the formation of the dual two-phase Ni 3 Al-Ni 3 V microstructure. It is noted that the hardness level close to $600 (HV1.0) is the same level as that of the intermetallic alloy with the same composition fabricated by the ingot metallurgy process. 22, 23) Consequently, it was found that the pulse current sintering and annealing process is useful in fabricating the dual two-phase Ni 3 AlNi 3 V intermetallic alloys. 
Mechanical property
Conclusions
A dual two-phase Ni 3 Al-Ni 3 V intermetallic alloy containing Nb was successfully synthesized by the pulse current sintering from the elemental powder mixture and subsequent annealing process. The following results were obtained from the present study:
(1) Lower sintering temperatures less than 1273 K result in the incompletely reacted microstructure such the unreacted powders and the intermediate products, while a high sintering temperature at 1373 K yields a relatively homogeneous microstructure exclusively consisting of Ni 3 Al and Ni 3 V phases.
(2) Annealing at 1553 K for 3 h after the sintering results in the formation of Kirkendall voids in the samples sintered at lower temperatures but not in the samples sintered at higher temperatures. On the other hand, the dual two-phase Ni 3 AlNi 3 V microstructure is formed in all the samples irrespective of the sintering temperature.
(3) Fine grain sizes of approximately 30 mm is obtained by the present processing, which is one-tenth smaller than that in the sample produced by the ingot metallurgy process.
(4) The hardness of the annealed samples shows the same level as that produced by the ingot metallurgy process.
(5) It is concluded that the process involving the pulse current sintering at 1373 K and the subsequent annealing at 1553 K for 3 h is favorable for fabricating the present intermetallic alloy by the powder metallurgy method.
